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Abstract
Since the mid–50s, until the ﬁrst proof-of-concept experiment of transition delay using circular roughness elements in 2006, there
was a strong consensus within the research community that roughness elements in general promoted the transition to turbulence
process. From a series of wind tunnel experiments miniature vortex generators have emerged as being a coveted passive device
for transition delay and hence skin-friction drag reduction. These devices are miniature with respect to classical vortex generators
typically used for separation control and fall under the appealing category passive ﬂow control device, since it uses the existing
energy in the ﬂow and hence no energy has to be added to the control system in order to accomplish the control. The underlying
physical mechanism is attributed to an additional term in the perturbation energy equation, when the boundary layer is modulated
in the direction orthogonal to the base ﬂow by the control devices, which counteracts the wall-normal production term and, hence,
stabilizes the ﬂow. The present paper brieﬂy reviews the current state-of-art of passive ﬂow control using physical devices for
transition delay with the implication of reducing skin-friction drag. This passive control strategy has potential to lead to an
unforeseen positive impact on the broad spectrum of industrial applications where reducing drag is a daily challenge.
c© 2014 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of ABCM (Brazilian Society of Mechanical Sciences and Engineering).
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1. Introduction
Over the last decade wind tunnel experiments have shown that steady streamwise elongated streaks, produced by
the lift-up mechanism1, are able to reduce skin-friction drag by delaying transition to turbulence in ﬂat plate boundary
layers2,3. Steady streaks may be generated by using either active or passive boundary-layer modulators, being related
to whether external energy is being added or not to the control system in order to perform the control. The positive
aspect of a passive control method is, on the one hand, the idea that no energy has to be added to the system in order
to perform the control. On the other hand, nor does the method have to rely on any sensitive electronics in a fancy
sensor–actuator control system, which makes the control fairly robust when compared with alternative methods.
Studies of diﬀerent types of boundary-layer modulators, both passive and active, are being carried out within the
AFRODITE (Advanced Fluid Research On Drag reduction In Turbulence Experiments) research program funded by
the European Research Council. The control strategy under investigation is the so-called method of spanwise mean
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velocity gradients. In this review paper we focus on the current state-of-art of passive ﬂow control using physical
devices for transition delay with the implication of reducing skin-friction drag.
1.1. Method of spanwise mean velocity gradients
The underlying physical mechanism for the stabilizing eﬀect in the current ﬂow control method has been shown
to be associated with the extra turbulence production term, i.e. the co-variance of the streamwise and spanwise
ﬂuctuating velocity components acting on the spanwise gradient of the mean streamwise velocity component, which
turns out to be of negative sign4. In combination with viscous dissipation it can overtake the wall-normal production
term and create an overall stabilizing eﬀect, thereof the name method of spanwise mean velocity gradients.
The Achilles’ heel of the above described control method is that the streamwise streaks being set up by some
boundary-layer modulators can breakdown to turbulence. When the magnitude of this streamwise perturbation be-
comes signiﬁcant, it will modulate the mean boundary-layer ﬂow and it will become inviscidly unstable with inﬂec-
tion points in both the vertical and spanwise directions5. A secondary mode may grow on the primary instability,
and for high enough amplitudes it will breakdown into a turbulent patch. This secondary mode will be of sinusoidal–
antisymmetric or varicose–symmetric type depending on whether it originates from the vertical or spanwise inﬂection
point of the primary instability, respectively. A more rapid breakdown to turbulence, either associated with an absolute
wake instability or a hairpin vortex type instability over the top edge of the boundary-layer modulator, may occur if
Rekk = U(k) · k/ν exceeds a certain threshold value (which depends on the type of boundary-layer modulator). Here, k
is the height of the boundary-layer modulator, U(k) the velocity at height k and ν the kinematic viscosity. Both of these
possible rapid breakdowns would be manifested in a shedding mode instability and cause breakdown to turbulence
just downstream of the boundary-layer modulators6. Independent of above mentioned breakdown scenarios, both
are likely to cause an earlier onset of transition compared to the two-dimensional boundary layer that would develop
without boundary-layer modulators and a failure of the control is a fact.
1.2. Previous observations
The stabilizing eﬀect of spanwise boundary-layer modulations has experimentally been observed previously both
in the form of steady7 and unsteady8 boundary-layer streaks. However, none of the results reported on the possibility
of actually delaying transition; instead, as soon as the ﬂow entered the nonlinear regime the disturbances ampliﬁed
more rapidly, which in turn led to advanced transition. The key to successful passive control lies in how carefully
the boundary-layer streaks are set up. This is a delicate procedure requiring knowledge of streak stability and bypass
transition9, since one relies on the lift-up mechanism1 leading to transient growth10 for stable streamwise streaks. In
other words, the passive control is realized by triggering one type of disturbance, i.e. a non-modal disturbance11,12, in
order to attenuate another, e.g. a modal disturbance13,14,15.
Even the late stage of transition, associated with turbulent spots, is altered by the presence of streamwise streaks. It
has been shown that unsteady streaks originating from free-stream turbulence can attenuate the spreading of turbulent
spots16. Numerically, the passive control method has been studied and reported in Schlatter et al. 17, where the
experimental ﬁnding by Fransson et al. 2 was conﬁrmed.
2. Wind-tunnel experiments
The experimental results reviewed in the present paper have been obtained using the minimum-turbulence-level
(MTL) wind tunnel at the Department of mechanics, KTH – Royal Institute of Technology, Stockholm. This wind
tunnel is renown for its very good ﬂow quality in terms of both low background velocity- and acoustic disturbances,
and is well suited for controlled stability experiments. The maximum speed in an empty test section is 70 m s−1 and the
turbulence level of the streamwise component is less than 0.025% of the free-stream velocity (U∞) at U∞ = 25 m s−1.
The interested reader is referred to Lindgren and Johansson 18 or Fransson et al. 19 for further details of the MTL wind
tunnel.
The data presented here has been acquired in ﬂat-plate boundary layers, details of the experimental setups are found
in the referensed papers. Brieﬂy speaking, we have been interested in introducing controlled disturbances inside the
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Fig. 1. (I) Sketch of the streaky boundary layer generated behind a spanwise array of circular roughness elements (source of ﬁgure 20). (II) Smoke
ﬂow visualizations from above with ﬂow from left to right. (a) and (b) show the two-dimensional boundary layer, without streaks, with no excitation
and with excitation of 201 mV, respectively. The ﬂow in (b) is turbulent, (c) shows the streaky base ﬂow with no excitation. In the presence of
streaks with excitation of 450 mV (d), the ﬂow remains laminar; (e) shows a half-streaky boundary layer obtained removing half the roughness
elements and without forcing. With a forcing at 157 mV (f), the streaky part of the boundary layer remains laminar while the uncontrolled part
undergoes transition. Source of ﬁgure 2. (III) (a) Evolution of the dimensionless temporal root mean square streamwise velocity ﬂuctuations
Urms/U∞ in the streamwise direction x when TS waves are excited at f = 32 Hz and 1000 mV. (b), (c) The time signals at two selected positions
(x = 400 and x = 1650 mm). Light (red) lines and solid (red) symbols correspond to the two-dimensional boundary layer, without streaks, whereas
dark (blue) lines and open (blue) symbols to the boundary layer with the controlling streaks present. In the presence of streaks the ﬂow remains
laminar. Source of ﬁgure 2.
boundary layer by means of blowing and suction through a slot in the plate, which easily can be traced as they are
convected downstream. The unsteady blowing and suction is created by sealed loudspeakers connected to the slot
via vinyl hoses. Applying several loudspeakers makes it possible to generate plane Tollmien-Schlichting (TS) waves,
single oblique waves as well as pair of oblique waves. The loudspeakers are driven by a computer generated sinusoidal
output signals via ampliﬁers and the measurements are triggered based on the phase of this output signal. Here we
use the non-dimensional frequency F = (2π f ν/U2∞) × 106, where f Hz is the forcing frequency.
3. Circular roughness elements
Boundary layer modulations orthogonal to the ﬂow direction have turned out to be so eﬀective in attenuating dis-
turbance growth that they can delay transition to turbulence and hence reduce skin-friction drag. The proof of concept
is attributed to Fransson et al. 2, where circular roughness elements were placed in an array orthogonal to the ﬂow di-
rection on a ﬂat plate. With the roughness mounted on the plate transition to turbulence could signiﬁcantly be delayed,
which at that time was somewhat contra-intuitive, particularly considering the strong consensus within the research
community that any roughness, isolated or distributed, would promote the transition to turbulence process21,22,23.
In Fig. 1(I) a sketch is shown of a ﬂat plate boundary layer. The incoming spanwise vorticity is being wrapped
around each circular roughness element, which creates a standing vortex. This standing vortex pushes high momentum
ﬂuid towards the wall right behind the elements, and lifts low momentum ﬂuid from the wall on the sides of the
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elements. This creates a streaky boundary layer consisting of alternating high and low speed regions as depicted in
the sketch.
The transition control concept is proved in Fig. 1(II), showing smoke ﬂow visualizations. Without forcing, the
two-dimensional laminar ﬂow is observed (Fig. 1(II) a), whereas forcing with the ampliﬁer set at 201 mV triggers
a turbulent ﬂow in the observation window (Fig. 1(II) b). The same experiment is then repeated in the spanwise
modulated boundary layer ﬂow. The modulation is obtained by pasting on the ﬂat plate 42 cylindrical roughness
elements (diameter 4.2 mm and height 1.4 mm) periodically spaced in the spanwise direction by 14.7 mm and at a
distance of 80 mm from the leading edge. The streaky base ﬂow induced by the roughness is shown in Fig. 1(II)
(c). When subject to the same disturbance forcing as before this streaky ﬂow remains laminar in the visualization
region. Even when the excitation amplitude is doubled to 450 mV, as shown in Fig. 1(II) (d), the ﬂow is kept laminar.
The experiment has then been repeated removing the roughness elements on one half of the plate. The half-streaky
basic ﬂow obtained in the absence of disturbance forcing is shown in Fig. 1(II) (e), while in Fig. 1(II) (f) we observe
a forced case with an amplitude of 157 mV. It is clear from the Fig. 1(II) (f) that the modulated boundary layer is
laminar (upper half of Fig.) while the two-dimensional ﬂow is transitional (lower half of Fig.).
The streamwise distribution of the temporal root mean square (rms) of the velocity ﬂuctuations and two typical
hot-wire time signals, induced by a forcing of 1000 mV, are reported in Fig. 1(III). In the absence of streaks the
classical K-type transition scenario is observed24. Linear TS waves (see Fig. 1(III) b) of small amplitude evolve
into ﬁnite amplitude nonlinear waves, characterized by the appearance of spikes in the hot-wire traces. This leads
to an increase of the rms velocity to a peak level where the ﬂow is transitional. Transition is completed when the
perturbation rms velocity reaches a plateau (x = 1650 mm) where a fully turbulent signal is observed (Fig. 1(III) c).
In the presence of streaks the ﬂow is laminar: the forced perturbations remain of small amplitude and sinusoidal all
along the measurement region as it can be seen comparing the signals with and without streaks at x = 1650 mm in
Fig. 1(III) (c).
4. Miniature-vortex generators
In striving for more robust modulators, i.e. in terms of stability, miniature vortex generators (MVGs) were devel-
oped25,26 (see Fig. 2(I) for a photo). These vortex generators do typically not exceed half the boundary-layer thickness,
and hence are considered miniature with respect to classical vortex generators used for separation control. This type
of boundary-layer modulator can reach streak amplitudes up to 32% of the free-stream velocity (with the conventional
deﬁnition, see Shahinfar et al. 27), without breaking down to turbulence, which can be compared with approximately
12% corresponding to circular roughness elements. In Cossu and Brandt 28, and experimentally in Fransson et al. 6, it
was shown that by successively increasing the streak amplitude for a ﬁxed spacing between the elements (numerically
for a constant spanwise wavelength corresponding to optimal growth) the attenuation of Tollmien-Schlichting waves
(TSW) can be enforced, which is the motivation for pushing the base ﬂow to higher streak amplitudes. There is there-
fore a balance between on the one hand the desire to establish a high-amplitude streaky base ﬂow in order to obtain a
strong stabilizing eﬀect, and on the other hand to stay below the threshold streak amplitude in order to ensure a stable
base ﬂow without risking a bypass transition. For a more thorough background on the generation of both single- and
multi-streak base ﬂows as well as transient growth, readers are referred to Fransson and Talamelli 26 and Shahinfar
et al. 27.
A successful boundary-layer modulator for transition delay has turned out to be the miniature vortex generator3.
This passive device is typically placed in an array orthogonal to the direction of the base ﬂow in a ﬂat plate bound-
ary, which creates a streaky boundary layer with alternating high and low speed streaks in the spanwise direction.
Depending on the conﬁguration with respect to both boundary layer and geometrical parameters of the devices the
streaks evolve diﬀerently in the streamwise direction. In the work by Shahinfar et al. 27 a general streak amplitude
scaling relation was proposed based on empiricism. It was shown to work satisfactorily for a broad boundary layer
and geometrical parameter range of the MVGs. The scaling relation is based on an integral-based streak amplitude
deﬁnition, which can be correlated to the strength of the stabilizing eﬀect since it takes into account the spanwise
gradient of the mean streamwise velocity component. This type of relation is of particular interest as a guideline when
applying the control method in new ﬂow conﬁgurations.
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Fig. 2. (I) A photo by John Hallme´n of a MVG pair (source of ﬁgure 3 ). (II) Energy evolution in the downstream direction with and without
MVGs plotted with squares and circles, respectively, at U∞ = 7.7 m s−1. The same high initial forcing amplitude and frequency (F = 102) of the
TS wave were applied. MVGs: h = 1.3 mm giving a maximum streak amplitude of 21%. The color bar applied on the symbols corresponds to the
intermittency (γ) of the velocity signal. Source of ﬁgure 3. (III) Energy spectra (e∗f ), (a) without and (b) with MVGs, in the downstream direction.
The spectra are calculated using the same data as shown in Fig. 2(II). Source of ﬁgure 27.
In all the experiments performed by the present author (with co-authors) using MVGs as control devices the con-
trolled disturbances have been introduced upstream of the MVG array. This in contrary to the circular roughness
element experiments where the disturbances were introduced downstream of the physical devices. In the MVG ex-
periments one leaves the full and nasty receptivity process of the incoming wave by the MVG array, which really
challenges the passive ﬂow control method. Right behind the MVG array there is a ﬁnite unstable region (also pre-
dicted by linear stability analysis, which is a work in progress together with Dr. Camarri), which gives rise to an
initial growth of the TS waves when passing by the MVG array. Having encountered this initial growth of the TS
wave amplitude by the MVG array it was not trivial that the aim of accomplishing transition delay would be met.
Figure 2(II) shows one case of constant high initial amplitude forcing of a TS wave at F = 102 with and without the
MVG array. The color bar represents the intermittency of the velocity signal (γ), which here is a statistical measure of
the proportion of laminar versus turbulent ﬂow sweeping a hot-wire probe. For x = 1.2 m the velocity signal acquired
without the presence of MVGs is completely turbulent with a γ-value close to unity. With the MVGs mounted a
complete nulliﬁcation of the disturbance growth is shown (see Fig. 2II). The streaky base ﬂow continuously acts
stabilizing in the streamwise direction rendering the streamwise disturbance amplitude (urms) to levels below 0.14%
of U∞ inside the boundary layer. The velocity signal was acquired at a wall-normal distance corresponding to the
displacement thickness of the boundary layer, which is the location where the inner amplitude peak of a TS wave
typically is encountered. Similar results of transition delay were also obtained for F = 135 and 178.
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The full energy spectra in the frequency-space plane are shown in Fig. 2(III) for the data presented in Fig. 2(II).
Figure 2(III) (a,b) shows the normalized energy spectra (e∗f ), which is deﬁned as follows:
e∗f =
f · PSD{u}
u2rms
,
for the uncontrolled and the passively controlled cases, respectively. Here, PSD is the power spectral density, u is the
disturbance velocity and urms is the standard deviation of u. Figure 2(II) (a) shows the full transition scenario with
harmonics appearing as a multiple of n of the fundamental frequency mode ( f0), i.e. f = n f0. Note that n is an integer
value equal to or greater than 2. The energy content of the fundamental mode is at least two orders of magnitude
greater than that of any of its harmonics. At around x = 1100 mm, the ﬂow has almost completed the transition to
turbulence process and a broad energy spectrum has developed. Somewhat further downstream, there is no longer
any trace of the initially forced TS frequency. With the MVGs, the energy spectrum in (b) depicts the presence of the
low-frequency mode along with the ﬁrst harmonic (i.e. for n = 2). The fundamental mode is more persistent in the
downstream direction with the MVGs compared to the uncontrolled case, but starts to decay, and at x = 1400 mm it
has completely vanished.
Diﬀerent types of controlled disturbances, apart from TS waves, such as oblique waves and pair of oblique waves,
have also been tested and successfully controlled using MVGs. The interested reader is referred to Shahinfar et al. 29.
4.1. Regenerating the streaky base ﬂow using a 2nd MVG array
Unfortunately, the natural recovery of the modulated laminar base ﬂow in the streamwise direction is of exponential
space scale and hence the passive laminar control fades away fairly rapidly. In a recent study we have shown that by
placing a second array of MVGs downstream of the ﬁrst one it is possible to nourish the counter-rotating streamwise
vortices responsible for the modulation, which results in a prolonged streamwise extent of the control.
Here, three cases, denoted C0, C1, and C2, were analyzed. C0 corresponds to the reference two-dimensional base
ﬂow, while C1 and C2 correspond to measurements with a single and a double MVG array conﬁguration, respectively,
mounted downstream of the disturbance slot as shown in (see Fig. 3(I)). Rectangular bladed MVGs were employed in
this study. This type of MVG induces streamwise vortices in the boundary layer similar to the triangular ones26,27,29,
but with a higher streak amplitude for a ﬁxed MVG array conﬁguration and U∞. The characteristics of the MVG
arrays are shown in the caption of (see Fig. 3(I)).
The base ﬂow modulation and the reconstructed instantaneous disturbance ﬁelds (see the caption of Fig. 3(II) a) in
the xz-plane are shown in Fig. 3(II) (a) and (b), respectively, for all three cases C0–C2. In Fig. 3(II) (b) the disturbance
ﬁelds are accurately reconstructed until the transition starts; after that the motion becomes random, which manifests
itself as scattered data. This way of plotting the data gives a clear visual inspection of where the transition starts.
For the present U∞ and F, branches I and II of the neutral stability curve are located around x = 448 and 1285 mm,
respectively, calculated from linear stability theory. The initial forcing amplitude of the generated TS waves was kept
constant and fairly high, causing the transition to turbulence right after branch II of the neutral stability curve for the
C0 case. Figure 3(II) shows that in the C0 case, i.e., without control, the transition onset is around x = 1300 mm from
the leading edge. When a ﬁrst array of MVGs is mounted the distance until transition onset is more than doubled, i.e.,
around x = 2900 mm. With a second array of MVGs the transition onset is not initiated throughout the downstream
measured region, i.e., x > 4000 mm.
The careful reader will note that the base ﬂow modulations Fig. 3(II) (a), in particular for C0 and C1, also show
some scatter of data in the downstream direction without justiﬁcation, since the base ﬂow modulations are based on
time-averaged data. The explanation lies in the short sampling time (only 0.5 s at each point) in order to aﬀord the
large number of data points (x× z = 501× 15 for the C1 case as an example) to resolve the disturbance wavelength in
Fig. 3(II) (b). The data shown in Fig. 3(III), on the other hand, are calculated based on long-time samples, 60, 45, and
15 s for the C0, C1, and C2 cases, respectively, ensuring reliable and statistically converged quantities.
In Fig. 3(III) the disturbance energy (urms/U∞)2, is shown for the three diﬀerent measurement cases taken along
ζ = 0, i.e., in the high-speed streaks. Note that similar results were obtained for other measured spanwise positions.
The color bar of the symbols indicates the intermittency of the velocity signal. It is customary to deﬁne the transition
location xtr where the intermittency value γ is equal to 0.56, which has been done here to obtain xC0tr = 1344 mm,
xC1tr = 2882 mm, and x
C2
tr > 4000 mm.
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Fig. 3. (I) Schematic of the ﬂat plate inside the wind tunnel with the ﬂow from left to right. The TS wave disturbance slot is located at xTS = 190 mm,
the ﬁrst array of MVGs at x1stMVG = 222 mm, and the second array of MVGs at x
2nd
MVG = 700 mm from the leading edge. The lighter gray (yellow)
rectangles depict measurement planes. Both cross-sectional and streamwise planes were taken. The inset is a blowup of a pair of MVGs. Here
h = 1.3 mm, L = 3.25 mm, d = 3.25 mm, θ = 9◦, and Λ = 14.6 mm. (II) (a) Modulated base ﬂow as Ut(x, z) − U(x)tz and (b) reconstructed
instantaneous disturbance ﬁeld u = U(x, z, t∗) − Ut(x, z) for all three cases C0–C2. Superscripts t and/or z denote averaged dimensions and t∗
represents a particular time. The wall-normal distance of the horizontal planes from the ﬂat plate is y/δ1 = 0.5 (δ1 is the displacement thickness).
(III) Disturbance energy evolution in the streamwise direction at y/δ1 = 0.5 and ζ = 0 for the cases C0–C2. The color bar applied to the symbols
corresponds to the intermittency γ of the velocity signal. Source of ﬁgures 30.
4.2. Net skin-friction drag reduction
A recurrent criticism of the described control method is the amount of induced drag due to the presence of the
streaks and the extra drag associated with the devices themselves. Even though the control has no cost per se in
terms of added energy, the devices will increase the drag, which has to be balanced against the gain. In successive
studies26,27, where miniature vortex generators (MVGs) have been used to generate the streaky base ﬂow, the local
skin-friction coeﬃcient has been calculated using the momentum-integral equation and the induced drag has been
estimated. For the optimal streak amplitude for transition delay (around 21 %) the local skin-friction drag is increased
by approximately 10% just behind the MVGs compared to the Blasius boundary layer. The local skin-friction excess
decays and at around 300 MVG heights downstream of the MVG array, the boundary layer has recovered and the skin-
friction coeﬃcient curve collapses onto the Blasius curve. In order to assess the total drag increase due to the MVG
array a direct numerical simulation of the ﬂow around a pair of MVGs giving a streak amplitude of approximately
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25% has been performed31. In the simulation a ﬂat plate length of Rex = xU∞/ν = 4.5 × 105, expressed in terms of
Reynolds number, was considered. Downstream of this position the modulated boundary layer has recovered and the
contribution to the overall drag is identical to the Blasius boundary layer. The total drag increase due to the presence
of the MVGs amounts to 2.5%, which is considered fairly cheap when compared with the alternative of a turbulent
boundary layer over a laminar one, which can amount to an increase of the local skin-friction coeﬃcient of up to
one order of magnitude. The calculated drag increase of the MVGs from DNS data can be taken into account in any
estimation of the drag reduction from experimental data
Based on the transition locations from Fig. 3(III) (and given in the text above), one may estimate the overall drag
for all three cases using the Blasius skin-friction relation for the laminar part of the boundary layer and one among
the many empirical relations for the turbulent part. For the C0 case the overall drag coeﬃcient amounts to 3.08× 10−3
down to the reference length x = 4000 mm. The C1 case has an overall drag coeﬃcient, including the induced drag by
the MVGs themselves, of 1.89 × 10−3, which amounts to a net drag reduction of 39%. When considering the C2 case
down to the same reference length, including the drag induced by two arrays of MVGs, the overall drag coeﬃcient
becomes 1.08 × 10−3, corresponding to a net reduction of 65% compared to the uncontrolled C0 case. One should
keep in mind that this ﬁgure is a minimum net drag reduction since the ﬂow is still laminar at the reference length and
if measured farther downstream an even higher net drag reduction would have been obtained.
5. Summary
The present proof-of-concept experiments show that physical boundary layer modulators, such as miniature vortex
generators, are coveted devices for passive ﬂow control which can lead to transition delay if proper conﬁgurations are
used. Through a systematic work we have taken one step at the time showing the potential of the method of spanwise
mean velocity gradients as a ﬂow control method. Diﬀerent types of disturbances, apart form planar TS waves, such
as single oblique waves and pair of oblique waves have successfully been attenuated using miniature vortex generators
and transition delay has been accomplished. The possibility to consecutively delay the transition to turbulence with
reinforced passive ﬂow control, using a 2nd array of miniature vortex generators further downstream, leads to at least
65% of net skin-friction drag reduction. This is believed to encourage future work and open up for future smart
surfaces, which in a cheap way can preserve a laminar ﬂow and reduce skin-friction drag. This result can lead to an
unforeseen impact on the broad spectrum of industrial applications where reducing drag is a daily challenge. Near
future work should partly be directed at the stability analysis behind an array of miniature vortex generators in order
to reveal the underlying behavior of the unstable modes, which are responsible for the rapid breakdown to turbulence
by triggering a shedding mode. This type of information would be valuable in the optimization and design process of
the miniature vortex generators with subsequent arrays, necessary for approaching real ﬂow applications.
Further wind tunnel experiments in the MTL wind tunnel at KTH–Royal Institute of Technology, Stockholm,
are being performed with new passive and active control method approaches. The new passive control approach is
directed towards direct surface modulations (in line with the work described by Downs and Fransson 32), a necessary
step in being able to delay transition to turbulence originating from free-stream turbulence (according to our current
knowledge).
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